The ac data in terms of impedance and dielectric loss ͑tan ␦͒ were exploited simultaneously to probe the dielectric relaxation mechanisms in Bi 5 TiNbWO 15 ceramics. It was found that two distinct relaxation mechanisms exist in the low-frequency range ͑10 Hz-5 MHz͒. One is attributed to the grain boundary relaxation and the other is associated with oxygen ion diffusion. Furthermore, the temperature dependence of the oxygen vacancy relaxation strength is analogous to the Curie-Weiss law and follows the traditional point defect relaxation theory. These results could be helpful to understand the phenomena related to ferroelectric fatigue, oxygen ion conductivity, etc. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2191953͔
The intergrowth bismuth layer-structured ferroelectrics ͑IBLSFs͒ were first reported in 1970s.
1 However, it is only recently that the potential of this kind of materials for device applications has begun to be realized. [2] [3] [4] Moreover, the unique natural superlattice structures of this kind of compounds, implying other superior properties, renews interest in the fundamental solid-state chemistry and physics of the Aurivillius phases. 5, 6 For example, the compound Bi 5 TiNbWO 15 , which is built up by a regular intergrowth of one-half the unit cell of Bi 2 WO 6 and one-half the unit cell of Bi 3 TiNbO 9 along the c axis, is not only a ferroelectric, but also a superior oxygen ion conductor, 7 and has potential applications in nonvolatile ferroelectric random memory ͑FeRAM͒, solid oxide full cells ͑SOFC͒, chemical sensors, etc.
It is well known that solid defects have great influence on the performances of materials. For example, oxygen vacancies, the dominant point defects in Aurivillius phase compounds, play an important role in ferroelectric fatigue or ionic conductivity. 8 It is of great importance to gain a fundamental understanding of the defects in solids. In this Letter, the ac complex impedance technique was employed to probe the dielectric relaxation mechanisms in Bi 5 TiNbWO 15 ceramics. The results are helpful to shed light on the defects dynamics within the compound.
The wafer specimens of Bi 5 TiNbWO 15 with a diameter of 13 mm and a thickness of 1 mm were prepared by conventional solid-state reaction method. Appropriate amounts of high purity raw materials ͑in which excess Bi 2 O 3 of 2 mol % out of the stoichiometry was added to compensate for the volatilization of bismuth oxide during sintering at high temperatures͒ were first mixed and presintered at 1173 K for 7 h, then pressed into pellets and sintered at 1313 K in air for 2 h. The x-ray diffraction ͑XRD͒ patterns of sintered specimens showed monophasic compound, and can fully indexed on the lattice cell reported in Ref. 6 . The impedance spectra were performed on Pt-pasted samples, in the frequency range of 10 Hz-5 MHz, by an HP4192A impedance analyzer in air. Figure 1 shows the frequency dependence of the imaginary part of impedance, at temperatures between 393 and 673 K at intervals of 20 K. When temperature equals 393 K, one peak of ZЉ͑͒ ͑denoted as P Z1 ͒ appears unconspicuously, which shifts to higher-frequency range with increasing temperature. Simultaneously, when temperature increases to 473 K, another peak of ZЉ͑͒ ͑denoted as P Z2 ͒ emerges at lower-frequency decades, which also shifts to higherfrequency range with increasing temperature. However, when temperature is above 573 K, the P Z1 peak becomes very weak and nearly shifts out of the frequency range. These phenomena indicate that there are two thermally activated relaxation processes within the measured frequency range of 10 Hz-5 MHz.
For a thermally activated relaxation process, the temperature dependence of the relaxation time follows the Arrhenius law: = 0 exp͑E / K B T͒, where 0 is the prefactor, E denotes the activation energy, K B is the Boltzman constant, and T is the absolute temperature. The Arrhenius plots for the two dielectric loss peaks are shown in −14 s for the P Z1 peak, and E 2 = 1.11 eV and 02 = 2.2ϫ 10 −14 s for the P Z2 peak are obtained from these fitting lines. The discrepancies for the relaxation parameters with our previous results 7 indicate that the relaxation processes are influenced by sample preparation, especially the one at lower frequency. Figure 3 presents the impedance spectra of the Bi 5 TiNbWO 15 specimen measured at 553 K in air. From high frequency to low frequency, there are two semicircles attributed to bulk ͑grain͒ and grain boundary relaxation, respectively. However, from the inset in Fig. 3 , impedance spectra of the Bi 5 TiNbWO 15 specimen measured at a lower temperature of 413 K, only part of one semicircle attributed to bulk relaxation, are observed in the same frequency range. As a result, we can attribute the P Z1 peak to the relaxation of the bulk and the P Z2 peak to the grain boundary effects. Figure 3 also shows the fitting results of the impedance spectra measured at 553 K. The two fitted curves are obtained experientially by fitting the experimental data with two semicircles. The resistances and capacitances of grains and grain boundaries can be deduced from the fitting results accordingly. Let ͑R g , R gb ͒ and ͑C g , C gb ͒ be the resistances and capacitances of grains and grain boundaries, respectively. The corresponding values of these elements are C g = 2.76ϫ 10 −10 F and R g = 0.043 M⍀ and C gb = 1.13ϫ 10 −8 F and R gb = 0.197 M⍀. The C g value is a characteristic one for bulk ferroelectric and the C gb value reveals the sample is well sintered, with narrow intergranular regions.
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To further probe the relaxation mechanism within grain interior, we calculated the dielectric loss tan ␦ from the impedance spectra and showed the corresponding relaxation process of bulk material in Fig. 4 . In all of the frequency spectra, a wide and prominent relaxation peak ͑labeled P d1 peak͒ superimposed on a large frequency dependent background is observed and shifts obviously to higher frequency with increasing temperature. According to the modified Debye equation, 10 the dielectric loss peak can be deduced as follows:
where ⌬ is the relaxation strength, z =ln͑͒, ␤ =1−␣, and ␣ ͑0 ഛ ␣ Ͻ 1͒ is the width parameter leading to a symmetric broadening of the Debye relaxation. ͑␣ = 0 correspo nds to the standard Debye relaxation.͒ The fitting result of frequency spectra measured at 493 K is shown also in Fig. 4 . It can be seen that a loss peak ͑P d1 ͒ and a frequency dependent background could fit the dielectric loss curve very well, where the width parameter ␤ = 0.61, or ␣ = 0.39 ͑The nonzero ␣ means a correlation among the relaxation species. 11 ͒ The background loss comes mainly from the static conduction of the grain, the curve shifts toward higher frequency with increasing temperature, which is a thermally activated process. 12 Based on above fitting results, we can analyze the variation of the peak height ͑or relaxation strength͒ with temperature in detail. The inset in Fig. 4 shows the reciprocal of the peak height of P d1 peak as a function of temperature. From it a linear relationship is obtained, which reveals that the correlation among the relaxation units under applied electric field is analogous to the interactions among point defects under applied stress field. According to the point defect relaxation theory under a stress field, 13 the insertion of a point defect into a grain produces local elastic distortions, thus introduce a local stress field. There are interactions between the local stress fields and the external stress field applied to the grain, besides, there are interactions among these local stress fields. When the concentration of point defects reach to some extent, the interactions among the defects become unignorable and thus a relation that is analogous to the CurieWeiss law for the temperature dependence of the relaxation strength ⌬ is deduced: ⌬ϰ͑T − T c ͒ −1 , where T c is the critical temperature for a "self-induced" ordering, i.e., the temperature at which defects ordering would occur spontaneously, without the presence of an applied stress, if atom movements could take place. In our case, the relaxation strength of the P d1 peak depends upon temperature obeying the Curie-Weiss law and the critical temperature T c = 230 K is obtained as labeled by an arrow in the inset of Fig. 4 . In view of the similarity between the dielectric relaxation and the mechanical relaxation, the relaxation species corresponding to the P d1 peak may be of point defects. Furthermore, the Bi 5 TiNbWO 15 compound is a super oxygen ion conductor at high temperature, the relaxation species might be of oxygen vacancies.
In order to test further whether the P d1 peak is of oxygen vacancy relaxation, the Bi 5 TiNbWO 15 sample was cut into three same sheets. One was dipped in H 2 O 2 solution for 10 h to fill oxygen into the sample and then baked at 353 K for 2 h to remove water in the specimen. Another sheet was annealed under reducing atmosphere ͑97% N 2 and 3% H 2 mixed gas͒ at a temperature of 673 K for 10 h to reduce the oxygen content in the specimen. Figure 5 shows the P d1 peak variation with frequency at 513 K for the three specimens processed under different oxygen ambients. Compared with the as-prepared one, the dielectric loss peak height of the sample processed in the oxygen-sufficient ambient decreased and the one in the oxygen-deficient ambient increased evidently.
It is well known that the process under the oxygensufficient ambient decreases the density of oxygen vacancies and reversely the process under the oxygen-deficient ambient increases the density of oxygen vacancies in the sample. However, the treatment under various gas atmospheres also changes the concentration of hole or electron. To establish the contribution of electron or hole to the relaxation strength the impedance spectra experiments under different gas atmospheres at 923 K were performed. From the inset in Fig. 5 it can be seen that the intercept of the impedance spectra and the abscissa shifts only slightly to lower side of resistance with the gas atmospheres change from nitrogen to air and to oxygen. These phenomena indicate that the ceramic is an ionic conductor of p-type nature, and the electron or hole contribution is negligible. Therefore, the P d1 peak was considered to be associated with oxygen vacancy relaxation.
In summary, two distinct dielectric relaxation mechanisms in Bi 5 TiNbWO 15 ceramic were elucidated from ac impedance and dielectric loss spectra. The obtained results are valuable to the further studies of ferroelectric fatigue and oxygen ion conductivity. 
